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VO (54) Title: DIRECT GROWTH OF NANOTUBES, AND THEIR USE IN NANOTWEEZERS 
VO 

(57) Abstract: A method of producing carbon single wall nanotubes (SWNT) by CVD is disclosed. The SWNTs are grown on 
^ a metal-catalyzed support surface, such as a commercially available silicon tips for atomic force microscopes (AFM). The growth 

characteristics of the SWNTs can be controlled by adjusting the density of the catalyst and the CVD growth conditions. The length 
Q of the SWNTs can be adjusted through pulsed electrical etching. Nanotubes of this type can find applications in nanotubes structures 

with defined patterns and for nano -tweezers. Nano -tweezers may be useful for manipulating matter, such as biological material, on 
^ a molecular level. 
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DIRECT GROWTH OF NANOTUBES, AND THEIR USE EST NANOTWEEZERS 

Background of the Invention 

Carbon nanotubes are ideal structures for the tips used in scanning probe 
5 microscopy, such as atomic force introscopy (AFM), since carbon nanotubes (i) have an 
intrinsically small diameter, which is comparable to that of molecules in the case of single 
walled nanotubes (SWNT), (ii) have a high aspect ratios, (iii) can buckle elastically, and 
(iv) can be selectively modified at their ends with organic and biological species to create 
functional probes. In the past, most nanotube probe tips have been made by mechanical 

10 attachment of multi-walled nanotube (MWNT) and SWNT bundles to silicon tips in optical 
or electron microscopes. Nanotube tips made in this way have been used to demonstrate, 
for example, their potential for high-resolution and chemically-sensitive imaging, but also 
highlighted limitations. Specially, mechanical tip fabrication is a time consuming one-by- 
one process, and the resolution of tips can vary widely due to their bundle structures. More 

15 recently, direct catalytic growth of nanotubes from conventional tips has been explored, 
which demonstrated that individual multi-walled nanotubes (MWNT) could be grown by 
CVD from the ends of Si tips with controlled orientation. In this growth method of 
nanotube probes, commercial AFM tips were selectively etched to create nanopores, which 
were created at the apex of silicon tips by chemical etching or focused ion beam milling, to 

20 guide the growth of nanotube probes in an orientation ideal for imaging. Electrochemically 
or electrophoretically deposited iron in the nanopores was used to catalyze the selective 
CVD growth of nanotubes with an orientation controlled by the pores. Tips synthesized 
using the electrochemically deposited iron catalyst were shown to consist reproducibly of 
individual 3-5 nm radii MWNTs oriented optimally for high-resolution imaging. 

25 Significantly, these studies demonstrated that a well-defined synthetic approach could be 
used to prepare directly nanotube probes, thus opening the possibility of precise control 
over nanotube size and thereby tip resolution. Recently, SWNT tips having much smaller 
radii of only 1-3 nm were reproducibly grown using well-defined iron oxide nanocluster 
catalysts These latter tips begin to approach the theoretical minimum size expected for 

30 individual SWNTs. 

The pore-growth method has demonstrated the potential of CVD to grow directly 
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controlled diameter nanotube tips, although it still has limitations. In particular, the 
preparation of nanopores can be time-consuming and may not place individual SWNTs at 
the optimal location on the flattened apex. It would therefore be desirable to develop a 
reliable growth method for SWNTs that eliminates the need for nanopores. 
5 Scanning probe microscopes (SPMs), such as the scanning tunneling microscope 

(STM) and atomic force microscope (AFM), are now widely used for these purposes with 
the capability of working at length scales as small as a single atom. However, the single 
probe tips employed in SPMs limit these tools in manipulation and the measurement of 
physical properties; for example, a single tip cannot grab an object, and a second electrical 

10 contact must be made to structures for electrical measurements. Two probes in the form of a 
tweezers could overcome these limitations of SPMs, and thus may enable new types of 
fabrication and facile electrical measurements on nanostructures. 

Micrometer scale electromechanical tweezers, which represent basic micro- 
electromechanical systems, employing tungsten as a tip material, have previously been 

15 fabricated on silicon. Tungsten deposition and subsequent processing were used to produce 
200 m long by 2.5 m wide tungsten arms that could be closed by applying a potential 
(V) of ca. 150 volts and then opened again by reducing V to zero. The potential difference 
between the tungsten arms of the tweezers produces an attractive electrostatic force that can 
overcome the elastic restoring force of the beams in closing the tweezers. Smaller tweezers 

20 with 30 m long by 0.25 m long single crystal silicon arms, which responds at a potential 
of 45 V, have also been fabricated using conventional lithography and processing steps. 
Such micro-tweezers, if removed from the substrate support, could be useful tools in 
manipulation. However, due to their relatively large size and large actuating voltages these 
tweezers are not suitable for work in the nanometer regime. 

25 Summary of the Invention 

In one aspect of this invention provides for a method of producing a carbon 
nanotube tip, comprising the steps of: providing a tip assembly; applying a metallic 
catalytic material to the tip assembly; inserting said metallic catalytic material bearing 
probe into a CVD reactor; and exposing said metallic catalytic material bearing probe to a 

30 gaseous atmosphere comprising a carbon containing gas thereby producing a tip bearing a 
carbon nanotube tip. In an embodiment, the tip assembly comprises silicon. 
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In another embodiment, the tip assembly is a multifaced probe. In another 
embodiment, one or more faces of the tip assembly comprises a mask. In an even further 
embodiment, the mask is removable. In one embodiment, the multifaced probe comprises 
silicon. 

5 In another embodiment, the method produces a carbon nanotube tips on an array of 

tip assemblies. 

In another emodiment, the metallic catalytic material is selected from the group 
consisting of metals, metal oxides, metallic salts, metallic particles and metallic colloids . In 
a further embodiment, the metallic catalytic material is selected from the group consisting 

10 of iron salts, nickel salts, cobalt salts, platinum salts, molybdenum salts, and ruthenium 
salts. In a further embodiment, the metallic catalytic material is selected from the group 
consisting of iron colloids, nickel colloids, cobalt colloids, platinum colloids, molybdenum 
colloids, and ruthenium colloids. In an even further embodiment, the metallic catalytic 
material is a ferric salt. In another embodiment, the metallic catalytic material is ferric 

15 nitrate. In another embodimetn, the metallic catalytic material is an iron colloid 

In an further embodiment, the metallic catalytic material is in solution. In another 
embodiment, the solution comprises an alcohol. In a further embodimetn, the alcohol is 
selected from the group consisting of methanol, ethanol and isopropanol. 

In another embodiment, the carbon containing gas is ethylene. In yet another 

20 embodiment, the carbon nanotube tip is a S WNT . In another embodiment, the carbon 
nanotube tip is a bundle of S WNT. In another embodiment, the carbon nanotube tip is a 
MWNT. 

In a further embodiment, the steps of producing a carbon nanotube tip comprises 
the step of shortening the carbon nanotube tip by electrical etching. In an even further 
25 embodiment, electrical etching comprises applying voltage pulses of a predetermined 
voltage between the nanotube tip and a support surface. 

In another aspect, the invention provides for a method of fabricating nanotube-based 
nanostructures by controlled deposition of nanotube segments of a nanotube tip, comprising 
the steps of: biasing the nanotube tip at a starting location on a substrate at a predetermined 
30 voltage; scanning the tip along a predetermined path; and applying a voltage pulse at a 
higher voltage than the predetermined voltage to disconnect the tip from the nanotube 
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segment on the substrate. In a further embodiment, the nanotube tip is a single wall 
nanotube. 

In another aspect, the invention provides for a method of producing nano tweezers 
made of carbon nanotube tips, comprising the steps of: providing a support surface; 
applying at least two independent electrodes to the support surface; and applying at least 
one carbon nanotube tip on each of the electrodes, wherein the spacing between respective 
end portions of the carbon nanotube tips changes in response to a voltage applied between 
the at least two electrodes. In a further embodiment, applying at least one carbon nanotube 
tip comprises the steps of : applying metallic catalytic material to the at least one electrode; 
and inserting said electrode into a CVD reactor; and exposing said electrode to a gaseous " 
atmosphere comprising a carbon containing gas, thereby producing a tip bearing a carbon 
nanotube tip. In a further embodiment, the carbon nanotube tip is a single SWNT. In a 
further embodiment, wherein the carbon nanotube tip is a bundle of SWNTs. In a further 
embodiment, wherein the carbon nanotube tip is a MWNT.. 

Further features and advantages of the present invention will be apparent from the 
following description of preferred embodiments and from the claims. 
Brief Description of the Drawing s 

The following figures depict certain illustrative embodiments of the invention in 
which like reference numerals refer to like elements. These depicted embodiments are to be 
understood as illustrative of the invention and not as Umiting in any way. 
Fig. 1 A shows schematically an AFM cantilever assembly; 
Fig. IB shows schematically the deposition of a catalyst on the AFM cantilever 

assembly according the method of the invention; 
Fig. 1C shows schematically the growth of a carbon SWNT according the 

method of the invention; 
Fig. 2A shows schematically a Fe-catalyzed CVD growth process of nanotubes 
using ethylene; 

Fig.2B shows a CVD apparatus for controlled growth of nanotubes; 

Fig. 3A shows a field-electron (FE) SEM image of a CVD nanotube tip grown 

from a Si cantilever/tip assembly using the method of the invention 

(scale bar 500 nm); 
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HUB *™aFE.SEMima g eof tonan()tobetipofFlg .3 Aaflers 
by pulse etching(scale bar 500 nm); 

Fig.3C ^wsanenlargedFE-SEM^ageoftnenanotubetipofFig.SB.wift 
the two nanotubes comprising the tip are in the bottom center (scale 
bar20nm); 

Fig. 4A shows schematically the deposition of a segment of a SWNT tip onto a 
substrate, with the nanotube tip positioned at the desired start point 

Fig. 4B shows schematically the nanotube tip of Fig. 4A being scanned in a 
predefined pattern, with a voltage pulse separating the tip from 
deposited nanotube structure at the end of the scan; 

Fig. 4C shows schematically the voltage applied between the tip and the 
substrate during the deposition process; 

Fig. 5A is an AFM image of a SWNT deposited along the direction of the 
arrow; 

Fig. 5B is an AFM image of a cross SWNT structure made a second nanotube 
lithography step; 

Fig 5C is a FE-SEM image of a SWNT deposited across three 40 nm high gold 

electrodes (nanotube indicated by white arrow); 
Fig.6A sh°ws schematically me 

by depositing two independent metal electrodes and attaching carbon 
nanotubes to the electrodes; 
Fig. 6B shows free-standing, electrically-independent electrodes are deposited 

onto tapered glass micropipettes; 
Fig. 6C is an SEM image of a hano-tweezers after mounting two MWNT 

bundles on each electrode (scale bar = 2 m); 
Figs. 7A-E show the electromechanical response of the nanotube nano-tweezers. 

Dark field optical micrographs of the nanotube arms for potentials of 
0V (Fig. 7A), 5V (Fig. 7B), 7.5V (Fig. 7C), 8.3V (Fig. 7D) and 8.5V 
(Fig. 7E), respectively (scale bars = 1 m ) ; 
Kg. 7F show the voltage response of the carbon nano-tweezers Of Figs. 7A-E 
calculated using eq.(l); 



] 
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Figs. 8A-D show the manipulation of polystyrene nanoclusters containing 

fluorescent dye molecules using nano-rweezers; 
Figs. 9A-C show optical micrographs of closed nanotube arms (Fig. 9A), 

nanotubenano-tweezers grasping doped -SiC nanoclusters (Fig. 9B) 
5 and GaAs nanowires (Fig. 9C) (scale bars = 2 m); 

Fig. 9D shows current versus voltage data recorded on the devices shown in 
Figs. 9A-C; 

Fig. 10 shows a TEM picture of ethylene CVD large tube synthesis using 
FeOx 6L as catalyst; 

10 Fig - 11 showsaTEM PictureofSWNTssynthesisusingCOCVDandFeOx 

2L as catalyst; 

Fig. 12 shows a TEM picture of SWNTs grown with CO, usingFeOx 2L as 
catalyst; 

Fig. 13 shows an AFM picture of a medium-sized SWNT synthesized using 
15 FeOx 6L as catalyst; 

Fig. 14 shows a section analysis of a medium-sized SWNT; 
Fig. 15 (a) shows a SEM image of a 5.8 um long SWNT bundle tip - the inset 
shows a SWNT bundle tip shortened for high-resolution imaging with 
length of 29 am and diameter of 7.4 nm; (b) shows an individual 2.2 
nm diameter, 10 nm long tube prepared by the methods of the present 
invention. 

Detailed Descrip tion 

According to one aspect of the invention, a method is disclosed for producing a 
single wall carbon nanotube tip which includes carbon nanotube tip, the steps of first 
providing a tip assembly, applying a metallic catalytic material to the tip assembly.inserting 
said metallic catalytic material bearing probe into a CVD reactor, and exposing said 
metallic catalytic material bearing probe to a gaseous atmosphere comprising a carbon 
containing gas thereby producing a tip bearing a carbon nanotube tip. 

An AFM microscope, or a SPM (scanning probe microscope) for example, 
comprises a probe. A probe typically comprises a mounting block, cantilever and tip 
assembly depending from the cantilever. The tip assembly typically further comprises a tip 
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I,a ° m,bodfa ^-*«'S W NTa resr o mi o„a«pas SmiWyby cv Ds o ft a, 

to ^«^e SM ,a mi oorc^c„^. tomothort ^ dilMnt>fts(ip 
assembly may comprise ^ sfflcon ^ ^ ^ J 

a U ^eaoy ta dncaI Surf a M orap^daJ OT fac e .I 11 a„otee mb odiment, fll e a p 
assanbly may be designed geometrically ,o optimize position of the nanotube tip fc a 

^^^^toapaaaemblymayapobtedor^^^^^ 
sthcon, such as a silicon dp for an atonic force microscope. 

(SWNTa)andmald-walIednanotabea(MWNT S ). SWKT S may consist of asingle 
seamless cyUnder with radii ranging from about 0.35 to about 2.5 urn, while MWNTs 

7" °'™ mpl ° — ■» -du ranging tom about 3 to about 
50 no. DWNTa (double walled nanotubes) aro also possible 

^^^^^^ondaeauAceoftbetipaaaeroMybyapplyiog 
20 totheupassemblyacataryticmaterial. ^ one erobodiuteut, tbe caMydc roatenal roay be a 
metal, antew oxide, a meta! particle, a metal oxide particle, oracombhtanonoftwoor 

. meW. m another embodiment, me metal is selected from the group consisting of iron 

mehd oxide comprises a metal selected from the group consisting of iron, ruthenium 
nickel, cobalt, platinum, and molybdenum. 

b ^^*-™bodiment,mecn.alydcmaterialiaamctallic S al,.Inanother 
embodiment, me metaltic sal. ia selected from the group consisting of iron, niche!, cobalt, 
platinum molybdenum salts, or a combination of these. In one embodiment, the salt is a 
mtiate S altlhaparocnlarembodJment,memetaffic,alti s fenicnitrate 

In another embodiment, the catalytic materia! maybe ferric chloride, ferric acetate 
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feme citiate, fen-ous suIfate , fwrauspadUoratej fcm)ns ^ fen . c 
Hydroxide, or cobaltous nitrate. 

Jnanembodta »'.theca Wys t m a y oomp rise anoxid es „pp ortedmetaIIicpaItiote 
* meta. catalyst may ^ . ^ of ^ ^ ^ ^ 

may b, diMed * an alcoho!, s„ch aa ^ or baween 
000, preferably between 200 and 1 600 for Fe O, (6L) and between 200 ^ 4Q0 
(AW. * 

fa one embodiment, a very thin layer of a metal, metallic particle or metal oxide 
^^W^tottenpaaa^bly.1,,.^,^^,^^^ 
deposed by applying it to tbe surfaoe using evaporation techniques, dipping 
electiodeposition, or otber methods known to those skilled in the art. In a particular 

embodnne.t.asoMone.mpnsmgameMcsal, and alcoholia applied toatip assembly. 
^^^^^alooholi.adecWfomfe^^^^^^; 

and propanol. In a particnlar embodiment, the alcohol is isopropanol. 

In another embodiment, diameter controlled carton nanotnbe hps are made using 
metallic conoids with CVD. In one embodiment different size ranges ofmeta.be colloid 
catalytic particles were produced with ligano alkanoic ^ or ^ Qf m ^ 

oham length,, m one embodiment, the metallic colloid catalytic particles are selected from 
the group consisting often, moke!, cobalt platinum, mo )y bdenum, and ruthenium coUoid 
catalytic particles, and colloid catatytic alloys of combinations of theae metals ht one 
embodiment, the metallic alloy coUoid prfcle is a ten-mol y bdenum alloy For example 
the carboxyl groups oftheligand coordinate me metal, e.g., ten, whereas the hydrophobic 
tatla mteraot with each other to f„ m a cap layer for the ten particle. The ligand may 
comprise an alkyl moiety or an aminoalkyl moiety. The organic chain length of me ligand 
may mcreaae tern 8 carbon atoms (oc tote acid), to 12 carbon atoma (lauric acid) to 18 
carbon atoma (oleic acid); moreover, smaller ten particles of diameter sizes tern 12 6+/- 
1.7nm, 9.<H/-0.9nm, to 3.2-WMtan can be pmdncedThe size distributions of the metallic 
^^ybefiMheropttoizeooy^^^^^ 
injection. n 

m another embodiment growing the SWHTs on a silicon probe comprises the steps 
of treating said .ilicon probe with metallic colloid partfc les ; pIacing saia sfflcon wafa fa a 
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CVD finmace; and exposing said silicon probe to a gaseous atmosphere comprising a 
carbon containing gas. m an embodiment, the metallic colloid is selected from me group 
— g of iron conoids, nickel colloids, cobalt colloids, platinum colloids, molybdenum 

j colloid. 

In an embodiment, the carbon containing gas is ethylene. In another embodiment 
the metallic colloids have diameters of about 3-15 nm. In yet another embodiment, the 
metallic colloids have a diameter from about 2 nm to about 13 nm. In yet another 
embodiment, the metallic colloids have a diameter from about 2 nm to about 9 nm In 
10 ^^bodim^ 

In yet another embodiment, the SWNT tip has a diameter from about 2 nm to about 
1 3 nm. In yet another embodiment, the SWNT tip has a diameter from about 2 nm to about 
9 nm. In another embodiment, the SWNT tip has a diameter from about 3 nm to about 5 
nm. 

15 In one embodiment, the metallic catalytic material on the tip assemblys may be 

positioned by masking or stenciling the probe. The mask may comprise a material which 
inhibits nanotube tip production. In an embodiment, the tip assemblys comprise a 
removablemask. Amaskmaycom^^ 

and then patterning the layer of the first material to define apertures wherever probe tips are 
to be formed. Next, a layer of a second material is deposited. This process may also form a 
sacrificial layer of the second material on top of theportions of the first material not 
removed by the patterning step. The sacrificial layer may at least partially overhangs the 
apertures in the first material, forming a shadow mask during the deposition process which 
25 -^erisetoasharpprobe^ 

portionofthe layer ofthe first material is removed using, for example a chemical etchant 
that selectively etches the first material at a much higher rate than the second material 
Masks may be further employed to define the structures to be etched. The removing step ■ 
also removes the sacrificial layer of the second material because the sacrificial layer is lifted 
30 off the substrate when the underlying layer of first material is etched away, fir a further 
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embodiment, the substrate is scribed and diced. A mask may also be applied using 
photolithography. 

This approach may be readily extended to prepare multiprobe arrays with one or 
more nanotube tips on each probe. In another embodiment, the method may be used to 
produce a plurality of nanotube tips, to another embodiment, the growth of single or 

mulhplenanombescanbecontrolledbyvaryingthedensityofthecatalyst Inone 
embodiment, the nanotube tips on the arrays of probes may be used to produce 

perturbations inamedium, for example a storage medium, for example creating or altering 
the topographic features or composition, altering the crystalline phase, creating or 
10 destructing electronic states, filling or emptying existing electronic states, creating or 
altenng domain structures or polarization states, or creating or altering chemical bonds 
These perturbations may be, for example, used as memory storage devices or field emission 
displays. 

probes with respect to a medium are made use of. The simplest approach is to move either 
the whole local probe array while the medium's position remains unchanged, or the other ' 
way around An additional degree of freedom can be achieved if the medium and the local 
probe array are moved. It is, for example, advantageous to slowly move the storage medium 
back and forth in a direction parallel to a first axis. The scan excursion of the medium is 
20 chosen such that the local probes do not exceed the corresponding storage fields, i.e. the 
scan excursion is approximately equal to the dimension of the storage fields. At the same 
time the local probe array is step-wise moved perpendicular. Due to the combined 
movement of the local probe array and the storage medium, a first row of the storage fields 
is scanned, Then, the probes jump to the next row before the medium moves back This 
25 next row is now scanned in the opposite direction, and so forth. This approach is known as 
basket-weave scanning' in the area of scanning electron microscopy. One can use a 
variety of scanning schemes including pulsed and continuous scanning as well as varying 
speeds. In one embodiment, the probes comprise actuators. 

The nanotubes can be shortened by electrical etching, preferably by applying 
30 voltage pulses of a predetermined voltage between the nanotube tip and a support surface. 

In one embodiment, the catalyst is deposited onto the pyramidal tip or probe of a 
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eommercial silicon canti lever-tip assembly and then CVD is „ se d «o grow aSWNTtip In 
some embodiments, the or SWNTs and amal. diameter MWNTs prefer ,o grow aiong a 
-»« and Wore, wiHgene ralIy bend.oa l a y inoon t ao t ran„ Ul ang rowoutfi<)mtlle 
^ w ^*«y-"™tera„edge.Nano t nbe S p re p a ed S ome M al yst de P <, s i 1 edona 

> ^W^npsorprobeawiUgrowa.ongftes^ceannfflfteyreachfepy.nrid 
edge, and some of the nanotub. tips will be directed toward Ore tip apex along the edges 

Fl « slA - 1 C*owschen 1 aacall yt hepre P axationofaSWNT us ingfcme t hod„f 
tile nrvenrion. Using a conunerciall y available AFM cantilever assembl y (Fig, 1 A) having a 
bp made of, for example, Aon, a catalyst is dectmphoretieany deposited on tiro 
Pyramids! tip, as Uhstrated in Pig. 1B . The cantilever assembly is men inserted into a 
'onventioml CVD reactor (no, shown) to grow the SWNTpn.be (Fig. 1C) The CVD 
reactor ess, be, for «ample, i n m efonnofa q n Mt zboa«i„a2- f botlong q nar t2 h 1 be having 

adrameteroflSom and being heatedmabsbeftmace.rhennc.eationsi.es provided for 
tirenanombe^ymecatalys.areinmoatedbymeb.aofcdo^mFig. 1A. Thenanotubes 
then grow nom these mrcleation sites in a manner to be described below in detail 

In the CVD process depicted in Figs. 2A and 2B, a metal particle catalyucally 
decompose, a hvdroearbon feedstock (for example, QHO and naolea.es thegrorvth of a 

^^e.Thia^offecVDproc.ssnsedfaprep^mmombeprob.s 
provrdes conditions for the reproducible gmwflr of SWNT tips having a oonsisten, size and 
reaolurion and hence predictable mechanical and electrical characteristics. 

The basis for this approach is tire observation drat SWNTs and small diameter MWNTs 
prefer to grow aJong a surface (doe to tire atactivenanotabe-surfaee interaction), and 
therefore, wffl goneraHy bend to stay in contao. rather than grow oat from the surfao. when 
they encounter an erige. Nanotube* prepared from oatalyst deposited on the pymmrdal AFM 
tip wru grow a, ong ^ ^ (see Rg 1Q ^ ^ ^ ^ ^ ^ 

pom, some nanotubea wiU be directed towards the tip apex along the edges. At the pyramid 
end, the naurotubes will prouude straight from the apex (rather than bending) to create an 
■deal hp, because the strain energy cost of bending the nanotube is no. oompe^ated by 
nanotube-snrfaoe interaotions. This approach is extmmely robust and works readih, with a 
wide range of catalysts. 

In some embodiments, the diameters of SWiNTs grownby CVD can be controlled 
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by the s.ze of a. catalyst and the growth p,o=ess. Advantageous*, pre-aade MlIoidal 
catalyst particles (such as iron, iron oxide , etc) with definite size range can therefore be 
employed. Likewise, other catalyst preparation methods could also be used such as 

a unribnn tjpe and size range can have diameten. ft* mge fem s]ighUy bj 
much smaller than the catalyst size. 

In one embodiment, a metallic colloid solution comprising a metallic colloid and a 
so vent may be applied to the tip assembly. The solventmay be any high boihngpoint 
solvent, e.g., toluene, or dioctyl ether. 

1 0 Chemical vapor deposition with appropriate flux of hydrocarbon gas and mm 

nanopartidea may catalyzed the gmwth of carbon nanotubes with diameters defined by the 
atzea of catalytic particles. The carton source, may be for example, eflrylene 

**°««** tw° I classes ofnanotube tips can be grow.: individual 

^^^buudieripa.Bunmefipseanbemadere.afivcly^ngwH.amain.uning 
■5 suffio.cn, suflhess forhigh-rcaolution imaging of deep trenches or tan srinchnes and 

mdividual SWNT tips provide ultimate resolution for relatively short tips. Eite type of tip 
can be selectively grown through variation of the catalys, de^ity: ahigh density of catalyst 
produces a bundle rips by fire surface grown, mechanism, and low density catalyst yields 
individual tubes, 

usmg for example, electrophoretically-deposited supported Fe-Mo and colloidal Fe-oxide 
catalysts. Representative electron microscopy images of a nanotube tip produced from the 
supported Fe-Mo catalyst after three minutes growth in 1:200:300 CtffcH^Ar at about 650 
°C-850°G are shown in Figs. 3A-C. Keld-emission scanning electron microscopy (FE- 
25 SEM) nuages demonstrate that nanotube tips prepared in this way protrude from the 
pyramtd apex and illustrate the surface guiding effect discussed above. 

As shown in Fig. 3A, nanotubes typically protrude from the edges of the pyramid 
withadensity of approximately one per micron. However, at least 90% of the pyramids 
have a nanotube protruding directly from the apex. Tne apexes have radii of curvature of 5- 
30 20 nm (which is significantly smaller than the average spacing between nanotubes) 

suggesting that a surface-growth mechanism is responsible for the growth characteristics 
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The observahon (ha, this dp has a two tube structure is no, ampri^g sinM ^ 

ZST^I " ^^^-rfacegrowth. Second, l,i s h My ,ha, Iwtt 

Indeed, Ore enhanced ngrdity afforded by to two nanotube tip of Fig. 3C, which can affll 
expose a single SWNT at the vervtm.^ > Jt 
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probes m y " SWNT % ^ 4 - ta - 

probea m ^ ^p^. FiKt> ae SWNT ^ ^ revOTftk 

mechantcany-attached SWNTs nanotubes aod CVD MWNT ops. The budtung behavior 
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SWNT tips forul^resolutionimaging. Since these nanotube probes, like ^1 tips, 
ultimately fail, the CVD process can advantageously be repeated at least 5-6 times to 
provide a new nanotube tip without replacing the catalyst. 

As discussed above, tip length can be optimized for imaging by electrical etching, 
■ P-ferably pulse etching, which allows tips to be shortened with at least 2 nm control. The 
individual SWNT tips require relatively tight constraints on tip length to avoid loss of 
resolution due to thermal vibrations. It has been found mat the amplitude ofthe tip vibration 
as a fimction nanotube length for several discrete diameters for a radius of an individual 
SWNT tip of0.5nm,1helengthwillneed to be on the order of 10-20 nm to avoidlossof 

advantage of the potential resolution enhancements of individual SWNT tip, As mentioned 
above, one method for controlling the length is an electrical etching method-by 
determining thevoltagedependence-which allows control ofthe tip shortening process on 
ananometer scale. According to one aspect of the invention, pulsed electrical etching can 
be used to remove portions of the nanotube, wherein voltage pulses of controlled amplitude 
are applied between the nanotip and a conducting surface that is being imaged. The amount 
removed from the tip by the electrical pulses depends directly on pulse height, i.e., the peak 
voltage, with the length being reproducibly reduced in steps of ca. 2 nm or larger The 
current shortening process hence provides sufficient control to optimize the length of 
individual SWNT tips for imaging applications. 

In another aspect, well-defined SWNT tips can also be used to fabricate nanotube- 
based nanostructures by controlled deposition of segments ofthe tips in defined patterns 
In one embodiment, aposition can be chosen for the building ofthe nanostructure 
for example, on top of a surface, or between electrode structures. An AFM picture ofthe ' 
location may be used as an orientation map for the structure construction. A computational 
program to control the movement and position ofthe AFM tip may be used 
This approach is illustrated schematically in Figs. 4A-C. To deposit a SWNT segment in a 

the hp is scanned along a set path (Fig. 4B). To complete the deposition, a voltage pulse is 
used to disconnect the tip from the nanotube segment on the substrate or tip assembly. The 
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5 tweez Ref ^ g ™ toF ^ 7A - F - ftee, ~^-P»-o fnm „ tabeBm<) . 

^ 811113 °f the tweezers bend closer to each other from their relaxed 

r r ,! ^ de&m ~^ A ' " V, the distance hereon the 

ends of fte tweezers haa decreased by abou, 50 % of.be utitia, value, and as dm voltage i, 

!5 3~ to8 - 5V ' to ^ 0fto ^^-loae (Fig . 7 B, I be n a: 
15 anus of the tweezers W cal, y remain closed sfrer removing .be actuating vobage doe to a 

opened by WU™ 8 a votageoffte same polarity «o bod. earns of Ore Geezer, 
relative to a nearby ground electrode. 

20 the n Jr^T' 10 to - — — ^ 

the nano-tiveezers. The opetatia.g priucipm „f to aano-tiveezers is to baiance tire elastic 

energy cost with the electrostatic energy gain The d.f„,™.«,. 

voltaee V i, ,1 , • ,,. deformation of dte beams at a given bias 

voltage, V, ,s detenmned by equating tire elastic force of me beams with the electrostatic 
force a,o ng the beams. U. y(*> desipate defreCed di,ance of me tweezer armtmt 

25 ^^^-.wn^xismedia^.onga^edbweez.™^ 
electrode. The static e^brium shape oftweezety(x) at bias voltage V is obtimred by 
minmnzmg the free energy y 

30 bI^T T CW fa ^ * «"» <"* tweezer and 

ft L and R are me Young, modulus, iengm and diameter of the tweezer arm, respectively. 



WO 02/26624 



PCT/US01/30445 



-17- 



V„ 9.4 V, whch . close to ft. observe experimental vatae of 8.3 V. The voW 

response of a carbon nano-tweezerss was calculated using eo fn Th» 7 

u^ing eq. (i). The separation of the 

the expenmental structure, and the Young's modulus 1 TP, 

• . . s s moa uius, 1 TPa, was determined indeoendentiv 

7z:rr? u ^ s ^ ms ^ wM ^^^ -est 

e^„ y .Ho Wver , ftenodtoearnatateoftheeleotiostatic 

10 equilibnum(unnJ contact) for V>V. «nA«. , ■ 

step a, closure. *" ^ tf "» "-a— 

^^"^-vel^s.be^.^^^ 

^^^^■^.ow.o^.SA.n,^^^^ 

t5 ^^^ee^^^^^^^ ^ 

fmsston front the dye molecules within the beads enable, . k 

, . . ° e * B raaMes ttese submrcron structures to be 

abgned w«h a snau duster. A vottage is a pp!ied to m p0 

Wo^- . m>AnSEM ^alysis of this nanostructure shows that it 

mTT° f5 ° 0ima " d ^^~~e dintbeopj 

2«ve force between a nanotube are, and the nanodusters is no. generaUy sn,ng enough 
" ' TOdto '— '—cibiy^thesubsjl 



P^dtTrr ^"^--.-a" e obiec. has been 
nanotube amrs serve as conducting whes to a. object 



WO 02/26624 



PCT/US01/30445 



-19- 



Example 1 

Catalyst preparation: FeCy 2L 

FeO x 2L is a type of ferrihydrite. The «2L» designates that the powder x-ray 
mffractogram for this type exhibits only 2 lines. The catalyst is prepared by adding 0 333g 
5 of iron(m) nitrate nonahydrate to 50 ml of water and rapidly stirring the solution. 0. 1386g 
of sodxum bicarbonate is then added to the solution. The solution is let stirring for an 
additional 10 minutes. The solution is then diluted 200 to 400 times with ethanol or 
xsopropanol for deposition of the iron catalyst onto the surfaces of the cantilever assembly 
This novel dilution step with alcohol is critical for deposition of catalyst onto the sample 
10 The size of the catalyst typically ranges approximately from 1.5 to 3.5 nm in diameter. 
Example 2 

Catalyst preparation: Fe(X 6L 

FeO x 6L is a type of semi-crystalline iron oxide having a powder x-ray 
diffractogram with 6 lines. The catalyst is prepared by adding 0.5 g of Fe(N0 3 ) 3 9 H 2 0 50ml 
15 of water at 75»C. The solution is stirred rapidly and then put in an oven for 10-12 min. at 
75°C. Afterwards, the solution is cooled rapidly by immersion into ice water and then 
dialyzed in a lOOkDa dialysis tube for 1-3 days with several exchanges of DI water. The 
size of the catalyst typically ranges approximately from 4 to 6 nm in diameter. The solution 
is then diluted 200 to 1600 times with ethanol or isopropanol for deposition of the iron 
20 catalyst onto the surfaces of the cantilever assembly. 
Example 3 

Catalyst preparation: Colloidal 

For colloidal catalyst deposition, the cantilever assembly or at least the tip is first 
. dipped into the dilute ethanol or isopropanol solution of the catalyst (200 to 1600 times 
25 depending on the catalyst) for 5-10 seconds. The assembly is then dipped in hexane for' 
approximately 10 seconds and dried in air. 
Example 4 

Synthesis of iron colloid particles 

Catalytic iron colloid particles of 3nm(3.2+/-0.8), 9nm(9.0+/-0.9) and 13nm(12 6+/- 
30 1.7) diameters were synthesized by thermal decomposition of iron pentacarbonyl (Fe(CO) 5 ) 
in thepresence of alkanoic acid or alkenoic acid ligands at the reflux temperature of the 
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organtc solved with Nation ,o pnhhshed memods. Typicmly, &r fte synftesis of 
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-o-,. w « tatal ,, 11M- , lNli 

*—taedatl 8 0-C forIta «ofacffl tet ea tt o roU8ll decompoa ia o n of«h e 

watadde to5m,of 0.5M «c acid (2,tnmole) in dioc*, emeratno-C mder 1^ 
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Examp le 5 

CVD growth conditions: 0.8-2.5 ran diameter SWNT 

The cattdys, „ sed is FeO, 2L Hydrogen (40O S ccm) and argon (600socm) are 
flowed and the sample is heated to 700-C. The ealalyat is annealed at 700-C for 500 
second, Then the samples is heated a. a rate of ISTAi, t0 85( ,c. -The hydmgen and 
argon are replaeed in ft. system with carton monoxide (1200-2000 seem) for 10 min The 
carton monoxide is replaced with argon (600 scorn) and le. the mmace cool down to room 
temperature. 
20 Example 6 

CVD growth conditions: 1.5-3.5 nm SWNT 

The catalyst used - FeO x ^ Hydrogen (400scc m ) and argon ( 6 00scc m ) are flowed 
-d the sample xs heated to 700°C. The eatalyst is annealed at VOO^C for 500 seeonds. Then 
the samples, heated ataxateof 15*C/xnin to 800°C. Ethylene is added (4 seem) to the 
sy^emforlOmins. Then, thehydrogen and ethylene are replaced with argon (600 scorn) 
and the furnace cooled down to room temperature. 
Example 7 

CVD growth conditions: 3-6 nm SWNT 

— » »0. 61. Hydrogen (400sccm) is flowed and the aampb is 

hea J e4 to 700-C.Thecahdys.i S annea 1 ena,700.Cfor500seconda.Thenmesa 1 np.eia 
heated atarate of ^..WaBW.,,^,, 
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Then, the hydrogen and ethylene are replaced with argon (600 seem) and the furnace cooled 
down to room temperature. 
Example 8 

SWNT tips by CVD growth 

The catalysts were electrophoretically deposited onto FESP (force modulation 
etched silicon probe, k=0.5 - 5 N/m, Digital Instruments, Santa Barbara, CA) silicon AFM 
tips from 0.1% ethanol (Al 2 0 3 -su PP orted Fe-Mo catalyst, -1.8V) or 0.1% aqueous (1.5-4 
nm Fe-oxide, -0.5V) solutions. CVD was carried out with the tips in a 1-inch reactor 
connected to Ar, H 2 and C 2 H4 sources. The tips were heated at 15°C/min to 800°C in a flow 
of 600 seem Ar and 400 seem H 2 . At 750«C, 2 seem of C 2 H 4 was added for 3 min, and then 
the furnace cooled at 15°C/min in 1000 seem Ar. These conditions were specifically chosen 
to favor the growth of SWNTs and small diameter MWNTs (<10 nm), and it should be 
noted that well-defined changes in the ratio of QH^Ar can be used to controllably tune 
the growth of nanotube tips from SWNTs to large MWNTs. 
Incorporation by Referent 

All of the patents and publications cited herein are hereby incorporated by 
reference. 

Equivalents 

Those skilled in the art will recognize, or be able to ascertain using no more than 
routine experimentation, many equivalents to the specific embodiments of the invention 
described herein. Such equivalents are intended to be encompassed by the following claims. 
What is claimed; 
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1. A method of producing a carbon nanotube tip, comprising the steps of: 
providing a tip assembly; 

applying a metallic catalytic material to the tip assembly; 
inserting said tip assembly bearing said metallic catalytic material into a 
5 CYD reactor; and 

exposing said tip assembly bearing said metallic catalytic material to a 
gaseous atmosphere comprising a carbon containing gas, thereby producing a tip assembly 
bearing a carbon nanotube tip. 

2. The method of claim 1, wherein the tip assembly comprises silicon. 

10 3. The method of claim 1 wherein the tip assembly is a multifaced probe. 

4- The method of claim 3 wherein one or more faces of the tip assembly comprises a 
mask. 

5. The method of claim 4 wherein the mask is removable. 

6. The method of claim 3 wherein the multifaced tip assembly comprises silicon. 

7. The method of claim 1, wherein carbon nanotube tips are produced on an array of 
tip assemblies. 
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The method of claim 1, wherein the metallic catalytic material is selected from the 
group consisting of metals, metal oxides, metallic salts, metallic particles and metallic 
colloids. 

20 9. The method of claim 8, wherein the metallic catalytic material is selected from the 
group consisting of iron salts, nickel salts, cobalt salts, platinum salts, molybdenum salts, 
and ruthenium salts. 

10. The method of claim 8 wherein the metallic catalytic material is selected from the 
group consisting of iron colloids, nickel colloids, cobalt colloids, platinum colloids, 

25 molybdenum colloids, and ruthenium colloids. 

11. The method of claim 9 wherein the metallic catalytic material is a ferric salt. 

12. The method of claim 1 1 wherein the metallic catalytic material is ferric nitrate. 

13. The method of claim 10 wherein the metallic catalytic material is an iron colloid. 

14. The method of claim 9 wherein the metallic catalytic material is in solution. 
30 15. The method of claim 14 wherein the solution comprises an alcohol. 

16. The method of claim 15 wherein the alcohol is selected from the group consisting of 
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methanol, ethanol and isopropanol. 

17. The method of claim 1, wherein the carbon containing gas is ethylene. 

18. The method of claim 1, wherein the carbon nanotube tip is a SWNT. 

19. The method of claim 1, wherein the carbon nanotube tip comprises a plurality of 
SWNTs. 

20. The method of claim 1, wherein the carbon nanotube tip is a MWNT. 

21. The method of claim 1, further comprising the step of shortening the carbon 
nanotube tip by electrical etching. 

22. The method of claim 21, wherein electrical etching comprises applying voltage 
pulses of a predetermined voltage between the nanotube tip and a support surface. 

A method of fabricating nanotube-based nanostructures by controlled deposition of 
nanotube segments comprising the steps of: 

biasing a dp assembly bearing a carbon nanotube rip a, a starring location on a snbstrate a, a 
predetermined voltage; 

scanning the tip assembly bearing a carbon nanot.be tip along a predetermined path- and 
applying a voltage pulse at a higher voltage than the predetermined voltage thereby 

disconnecting thenanotube tip from tip assembly and depositing a nanotube segment on the 
substrate. 

24. The method of claim 23, wherein the nanotube tip is a single wall nanotube 
20 25. A method of producing nano-tweezers comprising at least two carbon nanotube tips 
comprising the steps of: 

providing a tip assembly; 

applying at least two independent electrodes to the tip assembly; and 
applying at least one carbon nanotube tip to each of the electrodes to produce a 
nanotweezer, wherein the spacing between respective end portions of the carbon 
nanotube tips changes in response to a voltage applied between the at least two 
electrodes. 

26. The method of claim 25, wherein applying at least one carbon nanotube tip 
comprises the steps of : 

applying metallic catalytic material to at least one electrode; and 
inserting said at least one electrode into a CVD reactor; and 
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exposing said at least one electrode to a gaseous atmosphere comprising a 
carbon containing gas, thereby producing at least one electrode bearing a carbon 
nanotube tip. 

27. The method of claim 25, wherein the carbon nanotube tip is a single SWNT. 
5 28. The method of claim 25, wherein the carbon nanotube tip comprises a plurality of 
SWNTs. 

29. The method of claim 25 wherein the carbon nanotube tip is a MWNT. 



WO 02/26624 



PCIYUS01/30445 



1/18 




FIG. 1A 

ELECTROPHORETICALLY 
DEPOSIT CATALYST 



FIG. 1B 



CVD GROWTH 




NANOTUBE TIP 



FIG. 1C 

SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 



PCT/US01/30445 



2/18 



0 CH 2 C H 2 ^\ 
650-850 °C *\ Fe ) CARBON 



NANOTUBE 



FIG. 2A 




FIG. 2B 



SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 

PCTAJS01/30445 

3/18 




FIG. 3A 




SUBSTITUTE SHEET (RULE 26) 



PCT/US01/30445 



4/18 




FIG. 4A 




FIG. 4B 



END 



VOLTAGE 




TIME 



FIG. 4C 

SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 

PCT/US01/30445 

5/18 




SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 



PCT/US01/30445 



6/18 




DEPOSIT INDEPENDENT 
METAL ELECTRODES 




ATTACH CARBON 
NANOTUBES 




FIG. 6A 



SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 

PCT/US01/30445 

7/18 




FIG. 6B 




FIG. 6C 



SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 



8/18 



PCT/US01/30445 




SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 



PCT7US01/30445 



9/18 



0.8 



0.6 



0.4 



0.2 




T ' ' ' ' ' ' ' I ' 1 1 I ' ' ' | ■ ■ ■ I T -r-r 



0 2 4 6 8 10 12 
VOLTAGE (V) 



FIG. 7F 



SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 



PCT/US01/30445 



) 
i 

) 




SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 



11/18 



PCT/US01/30445 



o a 




FIG. 9 A 





HG„ 9C 



SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 



12/18 



PCT/US01/30445 




~" 1 r 

-0.5 0.0 0.5 

VOLTAGE (V) 



FIG. 9D 



WO 02/26624 



13/18 



PCT/US01/3044S 




SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 

PCT/US01/30445 

H/18 




§ 

(0 

a. o > 

«> CO 
CO c c 

>» o c 
iS € c 

(0 CO <X> 

O O d 



SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 



15/18 



PCT7US01/30445 




SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 

PCT/US01/30445 

16/18 




O O 



SUBSTITUTE SHEET (RULE 26) 



WO 02/26624 



PCT/US01/30445 



17/18 




E E E 
c c c 

CD CO LQ 
CM 00 

CO 



c E 

CD C 
LO CD 
LO CO 



t-OQOOO^-LOO 



S CSS £ N N < S2 




< 



LL 



c c E 



CD 



N CM 



CO 



CO CO O t— 
O) CO O O) 

T~ T— 1— LO 



£ 
c 

CD 
O 

OX o 
Qod 



2 UJ 



UJ 

o 

COX 



UJ 

o 
z 

g 

Hi 2 
X 



HI 

O 

2 LU 
<QUJ 

C0<Z 
LUp^CO 

Z)OlU 2 

coix 



UJ 



UJ 

co<2 
g5« 



Q. 

E 

cd 



Q 

DCUJW 
LU CC 2 
0. LL DC 



LU 



DOLU2 
COX>< 



<<< 

cctr cr 

I— I — H- 

ooo 

LULU UJ 
0-0-0. 
COCO CO 





SUBSTITUTE SHEET (RULE 26) 





SUBSTITUTE SHEET (RULE 26)" 



INTERNATIONAL SEARCH REPORT 



tp£ LA f SIF,C STi? , £S l ; SUBJECT MATTER 

IPC 7 C01B31/02 G12B21/08 



,nt >nal Application No 

PCT/US 01/30445 



[AcoorCHg to Intentional Paten! Classification (jP C) orto both natlona, and Ipc 

B. FIELDS SEARCHED *"" — * 




o-^^^^to^^r s ..^n„^u,o u ^, teareincludedlnlhefieldssear , ed 



EPO-Internal, WPI Data, PAO, INSPEC, COMPENDEX, CHEM ABS Data 



Category 



Y 
A 



Citation of document. wBh Indication, where appropriate, of the relevant 



Sn™?^\ (UNIV LELAND STANFORD 
JUNIOR) 24 February 2000 (2000-02-24) 



Page 3, line 24 - line 38 
Page 4, line 12 - line 25 
Page 5, line 34 -page 7, li 
Page 11, line 19 -page 12 
figure 12 



. . ne 8 
page 12, line 15 



-/-- 




[X] Furth9r documents are listed In the continuation of box C. 
• Special categories of died documents 

A * d ™SIi?. fln i!' 9t . he9eneral6lateo f*a art which Is not 
considered to be of particular relevance 

" E " e r ^ g r d *S Umen,bu, P ub " sh ^onorafterthe International 

cJiaiion or other special reason (as specified) 
°" ^tKa^ 9 *° an use, exhlbftionor 
P ' fi«ngdatebut 



5 February 2002 

Name and mailing address of the ISA 



Relevant to claim No. 



1,2,8,9, 

11-16, 

18,19 



21,22 
17 



Kon nd6rSland ' he Pr ' nciple or ,hs °* SSSSS the 
'X' document of particular relevance- the claimed im« n tu n 
jannot be considered novel orcannot ffSSMuSSdta 
Involve an Inventive step when the docun^Mn'aione 
d °5„ u ™^ Invention 

men^such combination l^^^pffiBS 



Form PCT/ISA^iO (saC ond sheet) (July igeaf 



Date of mailing of the international search report 

22/02/2002 

Authorized officer 

Rlgondaud, B 



INTERNATIONAL SEARCH REPORT 

C.(ContlnuaUon) DOC UMENTS CONSIDERED TO BE RELEVANT 

Citation of document, with lndication,where appropriate, of the relevart 



int >nal Application No 

PCT/US 01/30445 



P.X 



DAI H ET AL: "NANOTUBES AS NAN0PR0BES IN 
SCANNING PROBE MICROSCOPY" MnurRUDt5> iN 

NATURE, MACMILLAN JOURNALS LTD. LONDON 
GB, ' 

vol. 384, 14 November 1996 (1996-11-14) 
pages 147-150, XP000961028 
ISSN: 0028-0836 

page 150, left-hand column, paragraph 3 

JASON H. HAFNER ET AL~ "Direct growth of 
single-walled carbon nanotube scannlna 
probe microscopy tips" 
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY 

ImzwkT' 41 ' lm ' pa9es 9750 - 9751 '' 

the whole document 

JASON H. HAFNER ET AL.: "Growth of 
nanotubes for probe microscopy tips" 

vol. 398, 29 April 1999 (1999-04-29) 
pages 761-762, XP002189212 
the whole document 

CHIN LI CHEUNG ET AL: "Growth and 
fabrication with single-walled carbon 
nanotube probe microscopy tips" 
APPLIED PHYSICS LETTERS, 22 MAY 2000, AIP, 

^Ju2 7 87920°- 21 ' Pa96S 3136 " 3138 ' 
ISSN: 0003-6951 

P figure 3 2' left_,1and coltJmn ' paragraph 2 

KIM P ET AL: "Nanotube nanotweezers" 
ADV SCI ^SA^' 19 "' AMERICAN ASS0C - 

X7j6218 8 9h!° 5447 ' PaSSS 2148 " 2150 ' 
ISSN: 0036-8075 
the whole document 

AKITA S ET AL: "Nanotweezers consisting 
of carbon nanotubes operating in an atomic 
force microscope" 

APPLIED PHYSICS LETTERS, 10 SEPT. 2001 
AIP, USA, A ' 
vol. 79, no. 11, pages 1691-1693, 
XP002189213 * 
ISSN: 0003-6951 
the whole document 



Relevant to claim No. 



21,22 



1,2, 

8-14, 

17-20 



I, 2,8,9, 

II, 17,20 



23,24 



25-29 



25,29 



INTERNATIONAL SEARCH REPORT 

uuormauon on patent tamtly members 



Int., onal Application No 

PCT/US 01/30445 



Patent document 
cited In search report 



Publication 
date 



Patent family 
member(s) 



WO 0009443 



Publication 
date 



24-02-2000 WO 



0009443 Al 



24-02-2000 



Form PCT/IS/V210 (patent family annBX) (July 1992) 



THIS PAGE BLANK iuspto) 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

0 BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

\2l LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



" "S PAGE BLANK (uspto) 



